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Abstract—In cognitive radio networks (CRNs), secondary users
(SUs) can proactively obtain spectrum access opportunities by
helping with primary users’ (PUs’) data transmissions. Currently,
such kind of spectrum access is implemented via a cooperative
communications based link-level frame-based cooperative (LLC)
approach where individual SUs independently serve as relays
for PUs in order to gain spectrum access opportunities. Un-
fortunately, this LLC approach cannot fully exploit spectrum
access opportunities to enhance the throughput of CRNs and
fails to motivate PUs to join the spectrum sharing processes.
To address these challenges, we propose a network-level session-
based cooperative (NLC) approach where SUs are grouped together
to cooperate with PUs session by session, instead of frame by
frame as what has been done in existing works, for spectrum
access opportunities of the corresponding group. Thanks to
our group-based session-by-session cooperating strategy, our
NLC approach is able to address all those challenges in the
LLC approach. To articulate our NLC approach, we further
develop an NLC scheme under a cognitive capacity harvesting
network (CCHN) architecture. We formulate the cooperative
mechanism design as a cross-layer optimization problem with
constraints on primary session selection, flow routing and link
scheduling. To search for solutions to the optimization problem,
we propose an augmented scheduling index ordering based (SIO-
based) algorithm to identify maximal independent sets. Through
extensive simulations, we demonstrate the effectiveness of the
proposed NLC approach and the superiority of the augmented
SIO-based algorithm over the traditional method.
Index Terms—Cognitive radio networks, dynamic spectrum
sharing, cross-layer optimization, link scheduling, multi-hop
multi-path routing.
I. INTRODUCTION
Ever since the Federal Communications Commission (FCC)
opened up opportunities for unlicensed users to access under-
utilized licensed spectrum bands to address the spectrum crisis,
considerable research efforts have been devoted to enabling
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Fig. 1. The employed LLC scheme may lead to inefficient resource
utilization. The dashed circle signifies the interference range of SU1.
dynamic spectrum access, with cognitive radio (CR) technol-
ogy, which potentially offers a promising solution [1]–[5].
Cognitive radios allow secondary users (SUs) to proactively
help with primary users’ (PUs’) transmissions in order to
gain spectrum access opportunities as a reward [5]–[8]. In
the subsequent development, this spectrum access paradigm
will be referred to as the cooperation-based spectrum access
for simplicity since its effectiveness relies on the cooperation
between PUs and SUs.
In the current literature, the cooperation-based spectrum
access is implemented through a link-level frame-based coop-
erative (LLC) approach which is built on cooperative commu-
nications in physical layer. In the LLC approach, PUs employ
SUs as relays to expedite data transmission for each MAC
frame so that the saved frame transmission time can be offered
to SUs for spectrum access, and individual SUs independently
cooperate with PUs for their own spectrum access opportuni-
ties [8]–[14]. Although the LLC approach is able to maximize
the achievable throughput of relay SUs, it cannot efficiently
exploit available spectrum access opportunities in cognitive
radio networks (CRNs) to improve network-level throughput.
An underlying assumption in the LLC approach is that
individual SUs independently cooperate with PUs for their
own spectrum access opportunities and the generated spectrum
access opportunities are exclusively granted to relaying SUs
such that other SUs cannot transmit during the cooperation-
incurred periods [15], [16]. As a result, the LLC approach will
miss a significant number of spectrum access opportunities to
improve the throughput of CRNs. This is illustrated by the
example shown in Fig. 1 where SU1 want to access PUs’
spectrum for data transmissions while PU1 is transmitting a
file to PU2. SU2 does not have data to transmit. Because
of unfavorable position, SU1 is unable to cooperate with
PUs to gain spectrum access opportunities while SU2 is able
to do so. In this case, if SU2 is willing to cooperate with
2PUs to acquire spectrum access opportunities and offer these
opportunities to SU1, SU1 will be able to transmit its data and
the throughput of the CRN is improved. Unfortunately, this
is not supported by the LLC approach where SU1 and SU2
independently cooperates with PUs for their own spectrum
access opportunities. According to the LLC approach, SU2
will not cooperate with PUs since it does not have data to
transmit. As a result, the LLC approach is unable to fully
exploit available spectrum access opportunities in CRNs for
network-level throughput enhancement.
Motivated by this observation, in this paper, we propose a
network-level session-based cooperative (NLC) approach for
CRNs so that the spectrum access opportunities are utilized
more efficiently. Unlike the LLC approach where SUs coop-
erate with PUs for their own spectrum access opportunities, in
our NLC approach, SUs are grouped together and cooperate
with PUs for the spectrum access opportunities of the cor-
responding group. In our NLC approach, SUs need to share
obtained spectrum access opportunities among a group of SUs
according to certain strategies such that other SUs are able to
obtain spectrum access opportunities despite their unfavorable
locations. For the example in Fig. 1, under our NLC approach,
SU2 first cooperates with PUs for spectrum access opportu-
nities and, then, shares its spectrum access opportunities with
SU1. Thus, SU1 will be able to access PUs’ spectrum for
data transmission and the capacity of the considered CRN will
be improved. Specifically, in our approach, SUs, as a group,
first help expedite data transmission for PUs’ sessions, namely,
primary sessions, so that the scheduled data of corresponding
primary sessions are delivered in shorter time periods than
what are scheduled, e.g., two-third of the scheduled time, and,
then, the remaining time of the primary sessions are granted
to this group of SUs for spectrum access.
Another salient feature of our NLC approach, when com-
pared with the LLC approach, is that our approach works
session by session instead of frame by frame. To further
elaborate this difference between the LLC approach and our
NLC approach, let us consider the example shown in Fig. 2
where PU1 wants to transmit a file to PU2 in N (N >> 1)
MAC frames. Following the LLC approach, each frame is
divided into two parts which are indicated by the Roman
numerals. In the first part of a frame, SU helps with PU1’s
data transmission via a cooperative communication scheme in
physical layer, such as decode-and-forward or amplify-and-
forward relaying, so that PU1’s scheduled data is delivered
before its intended time without cooperation. Thus, PU1 grants
the spectrum access opportunities in the second part of the
frame to SU as a reward, whereas our NLC approach requires
SU to help PU1 deliver the whole file to PU2 in, for example,
2
3N frames and obtain the remaining
1
3N frames for its own
data transmissions. Clearly, the feasibility of the cooperation-
based spectrum access highly relies on PUs’ willingness to
yield certain spectrum access opportunities in exchange for
reduced latency of service delivery. Unfortunately, the LLC
approach might fail to benefit PUs and thus might not be able
to enable the cooperation-based spectrum access. As shown
in Fig. 2, even if SU can help expedite PU1’s file transferring
process in each frame by following the LLC approach, PU1
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Fig. 2. SU intends to access the spectrum allocated to PU1 and PU2
while PU1 is delivering a file to PU2. The file is expected to be deliver
in N (N >> 1) frames without the help of SU. Those digits in this
figure represent different frames. The Roman numerals signify the
division of each frame in the cooperative communication based LLC
approach.
still needs to wait until the last frame for the whole file to
be delivered. As a result, PU1 might not actually benefit from
SU’s help and thus might not be interested in cooperating with
SU [17]. In contrast to the LLC approach where SUs look for
cooperative communications based spectrum access opportu-
nities frame by frame, our NLC approach works session by
session and requires SUs to help with PUs’ end-to-end (E2E)
data delivery in exchange for spectrum access opportunities.
Hence, PUs will benefit from our NLC approach since the
latency of their E2E service delivery will be significantly
improved with the help of SUs and thus will be willing to
yield spectrum access opportunities to SUs in exchange for
enhanced quality of service.
As mentioned above, our NLC approach only provides a
way for spectrum sharing and its nice features cannot be
efficiently exploited without a suitable network architecture.
To facilitate our NLC approach, necessary control messages,
such as those for spectrum sharing, must be exchanged among
SUs so that their actions are well coordinated. In literature,
this is often achieved through the common control channels
(CCCs) [18], [19]. Unfortunately, when SUs seek for op-
portunistic access to PUs’ spectrum, they are likely already
short of available spectrum resources for information exchange
and do not have extra resources for CCC establishment [6],
[18]. In view of this as well as the selfishness of SUs, it
is difficult for SUs to enjoy the benefits promised by the
NLC approach without a network-level solution. To fully
exploit the benefits of our NLC approach, in this paper,
we develop an NLC scheme for CRNs under a cognitive
capacity harvesting network (CCHN) architecture where a
secondary service provider (SSP) deploys base stations (BSs)
and cognitive radio routers (CR routers) to provide secondary
services to SUs1 [20]–[23]. In our NLC scheme, individual
SUs only need to access the SSP’s network, i.e., the CCHN,
1The SSP is an independent service provider which has its own licensed
bands, such as the cellular service provider. BSs deployed by the SSP is
to provide the support of basic reliable service, just as in typical cellular
systems. BSs are connected to data networks via wired connections and
serve as gateways for CR-routers. BSs also work as an agent for the SSP to
exchange control signaling with CR routers and SUs. CR routers are wireless
routers with multiple interfaces and can support multiple communication
technologies. Detailed introduction to entities in the CCHN will be provided
in Section II.
3for services. It is the SSP and its deployed infrastructure that
cooperate with PUs to gain spectrum access opportunities.
This design frees SUs from the cooperating process and thus
reduces user-side complexity. Under the supervision of the
SSP, BSs and CR routers, as a group, cooperate with PUs
to gain spectrum access opportunities for the CCHN. After
that, the obtained spectrum access opportunities are efficiently
allocated among those BSs and CR routers by the SSP to
enhance network capacity. Specifically, in our NLC scheme,
the SSP obtains PUs’ traffic information, such as session
lengths2 and data volumes, from the primary service provider
(PSP) and coordinates BSs and CR routers to cooperate via its
own spectrum bands, i.e., the SSP’s basic bands3. Once PUs’
data is delivered, the remaining time of those primary sessions
are granted to the CCHN, i.e., the SSP, for spectrum access
and the SSP allocates the cooperation-incurred transmission
opportunities among BSs and CR routers to serve SUs. Under
the CCHN, we demonstrate the feasibility of the NLC scheme
as well as the impact of various network parameters through
a throughput maximization problem. Our major contributions
are summarized as follows:
• This is the first work to consider network-level session-
based cooperation for CRNs. Unlike existing schemes,
the proposed NLC scheme is a network-wide cooperative
scheme where BSs and CR routers deployed by the SSP,
as a group, cooperate with PUs for spectrum access
opportunities of the CCHN. In order to motivate PUs
to join the cooperation-based spectrum sharing processes,
our NLC scheme focuses on E2E service provisioning for
PUs and works with sessions instead of MAC frames,
which further differentiates our NLC scheme from ex-
isting ones. As an independent service provider, the
SSP optimally selects BSs and CR routers to cooperate
with PUs and intelligently allocates cooperation-incurred
periods among BSs and CR routers to establish multi-hop
connections to serve SUs, resulting in efficient utilization
of the cooperation-incurred spectrum access opportuni-
ties.
• To characterize interference relations in the CCHN, we
introduce a PU-related conflict graph. Different from the
existing work, the PU-related conflict graph not only
characterizes conflicting relationship between CR links4,
but also captures conflicts among CR links, PU-related
links5, and primary sessions. The maximal independent
sets (MISs) of the PU-related conflict graph are critical
for later establishment of the cross-layer constraints. Yet
searching for all MISs in the PU-related conflict graph
is NP-complete. We develop an augmented scheduling
2The length of a primary session is the duration of the intended transmission
periods of this session.
3The basic bands considered here are mainly used to deliver control
messages among BSs and CR routers although it can be used to provide
other services if available.
4CR links refer to links between BSs, links between CR routers, and links
between BSs and CR routers.
5PU-related links refer to links from sources of primary sessions to BSs
or CR routers and links from BSs or CR routers to destinations of primary
sessions.
index ordering based (SIO-based) algorithm to address
this problem based on the SIO method from [24].
• We formulate the cooperative mechanism design as
a cross-layer optimization problem to maximize the
throughput of the CCHN by jointly considering primary
session selection, flow routing and link scheduling con-
straints. To capture the incentives for PUs, we introduce
an incentive parameter α (α ≥ 1) to indicate that PUs
are willing to cooperate with the SSP once the SSP
promises to deliver their data in 1α of the scheduled times.
Noticing that the optimal achievable throughput of the
CCHN is affected by the SSP’s cooperating decisions on
primary sessions, we include primary session selection
and primary flow routing constraints in our problem
formulation, which further differentiates our work from
existing ones. In contrast to the case with fixed frame
length at the physical/MAC layer, our formulation allows
differentiation in session lengths and data volumes of
primary sessions.
• By carrying out extensive simulations, we demonstrate
the feasibility of the proposed NLC scheme and study the
impact of various network parameters. Additionally, we
examine the performance of the proposed MIS-searching
algorithm, and the results confirm the superiority of the
augmented SIO-based algorithm (proposed in this paper)
over the original SIO-based method.
For the readers’ convenience, the important notations used
in this paper is summarized in Table I.
The rest of the paper is organized as follows. Related works
are reviewed in Section II. In Section III, we give a detailed
description of the CCHN and the NLC scheme. Then, we
present corresponding network settings and related models
in Section IV. In Section V, we formulate the cooperative
mechanism design as an optimization problem and present the
augmented SIO-based algorithm for critical MISs searching.
Performance evaluation results and corresponding analysis are
presented in Section VI. Finally, the achievable throughput of
individual SUs are discussed in Section VII, and concluding
remarks are drawn in Section VIII.
II. RELATED WORK
As aforementioned, in literature, the cooperation-based
spectrum access is implemented via a cooperative communica-
tions based LLC approach where PUs provide SUs with certain
spectrum access opportunities in exchange for improved link
performance [8]. This LLC approach is originally introduced
in [8] where Simeone et al. demonstrate the feasibility of
their proposed scheme via analytical and numerical studies
of the Stackelberg games. Later, various cooperative schemes
have been proposed for the cooperation-based spectrum access
based on this LLC approach. In [10], a sequentially observing
scheme is proposed to enable PUs to efficiently select SUs as
relays in the context of a large number of SUs, and the optimal
stopping policy is studied. In [11], a contract-based scheme
is designed to enable the cooperation-based spectrum access
in CRNs. By modeling the PU and the SUs as an employer
and employees, Duan et al. study the optimal contract design
4problem. In [12], potential cooperative schemes for a CRN
with multiple potentially selfish PUs and SUs are studied.
Besides relay SU selection, energy consumption is another
factor considered in designing cooperative schemes since it
has impact on users’ communication strategies. In this view,
energy-aware cooperative schemes are investigated based on a
sum-constrained power allocation game and a power control
game in [9]. Given limited transmit power of SUs, PUs may
need to recruit multiple SUs to relay their data in a multi-
hop fashion. In [13], this multihop relay selection problem
is studied based on a network formation game. Motivated
by increasing concerns on information security, two types of
cooperative schemes are proposed in [14] to improve PUs’
secrecy rate. As aforementioned, an underlying assumption in
the LLC approach is that individual SUs work independently
for their own spectrum access opportunities and the gener-
ated spectrum access opportunities are exclusively granted
to relaying SUs such that other SUs cannot transmit during
the cooperation-incurred periods [15], [16]. Thus, the LLC
approach will waste a significant number of spectrum access
opportunities to improve the throughput of CRNs. In addition,
in the LLC approach, PUs might not actually benefit from
SUs’ help and thus might not be interested in cooperating
with SUs. These observations motivate us to introduce NLC
approach in order to enable the cooperation-based spectrum
access and boost the capacities of CRNs.
Although the concept of session-based cooperation in cog-
nitive radio networks (CRNs) has been discussed in a few
works, such as [25] and [26], it is studied from a different
perspective from our work. [25] and [26] primarily address
how PUs interact with SUs so that both of them can gain
from the cooperation. While our work focus on the interaction
between individual SUs. Unlike existing works where SUs
TABLE I
LIST OF IMPORTANT NOTATIONS AND DEFINITIONS.
Notation Definition
N The index set of CR routers
L The index set of edge CR routers
s (l) The lth edge CR router
Lp The index set of primary sessions
s (lp) The source of the lpth primary session
d (lp) The destination of the lpth primary session
Tlp The length of the lpth primary session
Dlp The data volume of the lpth primary session
θlp
=1 if the SSP chooses to cooperate with
the lpth primary session and is 0 otherwise
G = (V,E)
G is the PU-related conflict graph,
V is the vertex set of G, and E is the edge set of G
I The set of maximal independent sets (MISs) of G
Ilp
The set of MISs containing the vertex corresponding
to the lpth primary session
Ilp
A set of MISs, satisfying Ilp ∩ Ilp = ∅
and Ilp ∪ Ilp = I
T Control Interval for the SSP
fij(l)
The amount of the lth secondary flow allocated on
the link between the ith and the jth CR routers
f
p
ij(lp)
The amount of the lpth primary flow allocated on
the link between the ith and the jth CR routers
Υl The rate of the lth secondary flow
λmq The amount of time share allocated to the qth MIS
independently cooperate with PUs for their own spectrum
access opportunities, we advocate the cooperation among SUs
based on the observation that SUs can benefits from the
collaboration if they are grouped together and collectively
cooperate with PUs for the spectrum access opportunities of
the group instead of themselves. Different from [27] where
non-selfish SUs opportunistically offer their spectrum access
opportunities to others with better channel condition, our
proposed scheme emphasizes mutual benefits between SUs.
That is why we call it a network-level approach and articulate
it via the CCHN architecture where CR routers collectively
cooperate with PUs for the spectrum access opportunities of
the CCHN.
The CCHN architecture is first introduced in our previous
work [20] where the SSP is introduced to provide services
for SUs by judiciously deploying CR routers. In such a way,
SUs can benefit from cognitive radio technologies even if
they do not have CR capability. In [20], we demonstrate
that the CCHN can efficiently harvest unused licensed bands
for service provisioning even in the context of uncertain
spectrum availability. Since the performance of our CCHN
heavily depends on the placement strategy of CR routers, we
design an optimal CR router placement strategy by jointly
considering the spectrum and energy efficiency in [28]. In
our recent works, we have verified the effectiveness of the
CCHN in supporting spectrum-auction-based spectrum access
[29], [30]. Although our previous works have demonstrated
the CCHN can efficiently support the spectrum-sensing-based
and spectrum-auction-based spectrum access, how to support
the cooperation-based spectrum access in the CCHN is still an
open problem.
III. CCHN AND NETWORK-LEVEL SESSION-BASED
COOPERATION
A. CCHN Architecture
As introduced in our previous work, the CCHN consists of
an SSP, BSs, CR routers and SUs as shown in Fig. 3 [20].
The SSP is an independent wireless service provider, such as
a cellular operator that is willing to provide better or new
types of services to cellular users, and has its own licensed
spectrum bands, referred to as the SSP’s basic bands. The SSP
is in charge of spectrum coordination and service provisioning
within its coverage area. To provide communication services
to SUs, the SSP deploys or leases some BSs for fundamental
service coverage as done in cellular systems and CR routers
for efficient resource utilization. BSs are interconnected with
wired connections via Internet or other high-speed data net-
works and work as gateways for CR routers, so that the CCHN
can gain backbone network services. BSs also serve as an
agent for the SSP to exchange control signaling with CR
routers and SUs. CR routers are intelligent wireless routers
with cognitive capability and operate under the supervision
of the SSP. Both BSs and CR routers are equipped with
multiple radio interfaces, such as cognitive radio interface,
cellular interface, and WiFi interface, and can operate over
the SSP’s basic bands, unlicensed bands (e.g., ISM bands),
and unoccupied licensed bands. CR routers form a cognitive
5SSP
Secondary Users Base Station CR Router Primary Users
WIFI
GSM/GPRS
LTE
CR
transmission
PU
transmission
Fig. 3. The CCHN architecture.
radio mesh network to help the SSP deliver services to SUs
in collaboration with BSs. SUs are wireless terminals or
devices (e.g., smart phones and laptops) obtaining services
via certain access technologies (e.g., GSM/GPRS, LTE and
WiFi) and may or may not have cognitive capability. SUs
access the SSP’s services by connecting to CR routers or
BSs, and CR routers directly connecting to SUs are called
edge CR routers. If SUs have cognitive capability, they can
communicate with edge CR routers via both their basic access
technologies and cognitive radios6. If SUs’ devices do not
have cognitive radio interfaces, edge CR routers will tune
to the interfaces which SUs normally use to deliver services.
Each edge CR router constantly collects data requests in its
coverage area and submits those collected data requests to the
SSP for resource allocation. Based on the data requests and
available resources, the SSP carries out network optimization,
and the decisions will be delivered to CR routers via the
SSP’s basic bands7. Under the guidance of the SSP, BSs and
CR routers collectively build up paths to deliver services to
SUs via multi-hop transmissions. As shown in [20], [29], the
CCHN architecture is very flexible in supporting various types
of spectrum-sharing paradigms, including spectrum-sensing-
based and spectrum-auction-based spectrum sharing. In this
paper, we consider the use of the CCHN to support another
paradigm, i.e., cooperation-based spectrum sharing.
B. Proposed NLC Scheme
Under the proposed NLC scheme, when running out of
available bands,8 the SSP will coordinate BSs and CR routers
6By basic access technologies, we refer to the communication technologies
which SUs normally use to get communication services. For example, for
cellular users, their basic access technologies can be either GSM or LTE.
7The SSP will reserve a certain number of basic bands for the control
message exchange among BSs and CR routers. Meanwhile, the SSP will
allocate a certain number of basic bands to enable SUs to access the CCHN.
Then, the remaining basic bands will be allocated to the cognitive radio mesh
of CR routers for data delivery.
8As aforementioned, certain number of basic bands are reserved for control
signaling.
to cooperate with PUs to gain spectrum access opportunities.
The SSP directly obtains lengths and data volumes of primary
sessions from the PSP and makes cooperating decisions on
different primary sessions via network optimization. Once the
SSP decides to cooperate with a primary session, it supervises
its BSs and CR routers to build up high-speed paths for this
primary session to expedite E2E primary service delivery.
After a scheduled primary service is delivered, the remaining
time of the primary session during the intended transmission
period is granted to the SSP for spectrum access. Then, the
SSP intelligently allocates cooperation-incurred spectrum ac-
cess opportunities among its BSs and CR routers to efficiently
serve SUs.
The NLC scheme has a number of appealing features to
address all challenges mentioned in Section I. First, it is
the SSP instead of SUs who involves in the cooperating
process and the complexity of cooperation is shifted from
SUs to the network. The SSP directly interacts with the PSP
for cooperation-related information exchange and supervises
operations of secondary network facilities, i.e., BSs and CR
routers, via basic bands, for efficient resource utilization.
Second, under the supervision of the SSP, secondary network
facilities, as a group, cooperate with PUs for spectrum access
opportunities of the CCHN, i.e., the SSP, and the SSP can
optimally allocate the cooperation-incurred spectrum access
opportunities among secondary network facilities so that the
network capacity is significantly improved. Third, in our NLC
scheme, the SSP coordinates secondary network facilities to
expedite data transmissions in primary sessions in order to
gain spectrum access opportunities. As a result, PUs will enjoy
better services since the latency of E2E service delivery is
significantly improved with the help of the SSP and are more
likely to join the cooperation-based spectrum access under our
NLC scheme.
IV. NETWORK MODEL
In this section, we will introduce the basic network con-
figuration as well as the related communication models. To
examine the effectiveness of our NLC scheme, we do not
consider the SSP’s basic bands in the following analysis.
A. Network Configuration
We consider a typical CCHN with a BS, denoted as b, andN
CR routers which are deployed by the SSP. Those CR routers
are indexed as N = {1, 2, · · · , N} and L of them are edge
CR routers denoted as s (l), l ∈ L, where L = {1, · · · , L},
and s(l) ∈ N . The set of secondary network facilities is
Ns = N∪{b}. There are Lp active primary sessions collocated
with the CCHN. sp (lp) and dp (lp) represents the source
and the destination of the lpth primary session, respectively,
where lp ∈ Lp = {1, · · · , Lp}. Unlike previous works, in
this paper, the lengths and data volumes of different primary
sessions are allowed to be different. The length and the data
volume of the lpth primary session is denoted as Tlp and
Dlp , respectively. Without loss of generality, the cooperation
between PUs and the SSP is conducted on a single band, i.e.,
all the considered primary sessions operate in the same band.
6Each BS or CR router only has single cognitive radio9. We
assume that primary sessions do not interfere with each other
due to the coordination of the PSP. BSs and CR routers can
access the PUs’ band only when their transmission activities
do not cause harmful interference to ongoing primary sessions.
To characterize the interfering relationship among PUs, BSs
and CR-routers, we will introduce related communication
models in the next subsection.
B. Communication Models
1) Transmission Range and Interference Range: Our for-
mulation proceeds with the widely adopted protocol model10
where signal transmission in the physical layer is character-
ized by a transmission range and an interference range. For
example, CR router j is able to successfully receive signals
from CR router i if it falls in the transmission range of
CR router i and stays outside the interference range of any
other transmitting secondary network facilities and PUs. For
simplicity, we assume that network entities of the same type
employ the same transmit power Pµt , µ ∈ {C, b, P}, where C
represents CR routers, b represents the BS, P represents PUs,
and the subscript t indicates the power is for transmission. For
a transmitter of type µ, the received power at the receiver is
Pr = P
µ
t γd
−n, (1)
where γ is the antenna related constant, n is the path loss
exponent, and d is the distance between the transmitter and
the receiver. The received signal can be correctly decoded at
the receiver only when Pr is greater than a predetermined
threshold P νR, where ν ∈ {C, b, P} signifies the type of the
receiver. Then, the distance between the transmitter and the
receiver should satisfy Pµt γd
−n ≥ P νR, which implies the
transmission range of a network entity of type µ to another
network entity of type ν is RµνT = (γP
µ
t /P
ν
R)
1/n
. Similar to
[20], [29], the received interference power is not negligible if it
exceeds a threshold P νI , ν ∈ {C, b, P}. Thus, the interference
range of a network entity of type µ to another network entity
of type ν is RµνI = (γP
µ
t /P
ν
I )
1/n
.
2) Achievable Data Rate: If CR router j is in the transmis-
sion range of CR router i, there exists a communication link,
denoted as (i, j), between these two routers. The achievable
data rate of link (i, j) is a given parameter denoted as cij .
Generally, cij is determined by the channel bandwidth and
physical layer techniques, such as multi-antenna techniques,
adaptive coding and modulation techniques. Once the physical
layer techniques are given, cij is determined accordingly and
used as a constant in the analysis.
V. SESSION-BASED COOPERATIVE MECHANISM DESIGN
In this section, we will explore the design of coopera-
tive mechanism by jointly considering two tightly coupled
9Since the purpose of this paper is to investigate the feasibility of the NLC
scheme, we consider the single-channel single-radio case for simplicity.
10The relation between the protocol model and the physical model has
been discussed in [32], and it has been shown that the protocol model can
be accurately transformed into the physical model if the interference range is
properly set.
problems, primary session selection and efficient resource
utilization. On the one hand, whether the SSP chooses to
cooperate with a primary session depends not only on the
length and data volume of this primary session, but also
on how the SSP utilizes the cooperation-incurred transmis-
sion opportunity. Clearly, the SSP will gain nothing from
cooperating with a primary session whose neighbouring CR
routers are never scheduled. On the other hand, how the SSP
utilizes the cooperation-incurred periods is affected by primary
session selection as well since BSs and CR routers cannot
access the band if they interfere with an on-going primary
session. Thus, these two problems should be jointly considered
when designing the cooperative mechanism. In this view, we
study the cooperative mechanism design by jointly considering
primary session selection, flow routing and link scheduling to
maximize the aggregated throughput of the CCHN. To ease
the problem formulation, we use θlp to denote the cooperating
decision of the SSP on the lpth primary session, i.e.,
θlp =
{
1, the lpth primary session is selected
0, the lpth primary session is not selected
(2)
In essence, the cooperative mechanism design considered
in this paper is a throughput maximization problem for multi-
hop wireless networks with interference constraints [31]. As
proved in Appendix A, the considered problem can be de-
composed into a maximal independent set (MIS) searching
subproblem and a mix integer linear programming (MILP).
The MIS searching subproblem tries to identify a set of
MISs of the PU related conflict graph which characterizes
the interfering relations among CR links, PU-related links,
and primary sessions. Based on the obtained set of MISs, we
can formulate the MILP to facilitate final solution finding. In
the following, we will develop the considered optimization
problem based on this decomposable structure which renders
us good heuristics for solution finding.
In the rest of this section, we first introduce the PU-related
conflict graph to characterize the interfering relations among
CR links, PU-related links and primary sessions. Afterwards,
on the basis of the PU-related conflict graph, we mathemat-
ically establish link scheduling and flow routing constraints
and cast the cooperative mechanism design into a throughput
maximization problem with primary session selection. To
solve the optimization problem, we propose an augmented
SIO-based algorithm to search for MISs.
A. PU-Related Conflict Graph and MISs
Since flow routing and link scheduling decisions of the SSP
are affected by primary session selection, unlike [20], [29], our
PU-related conflict graph G = (V,E) characterizes interfering
relationship not only among different CR links but also among
CR links, PU-related links, and primary sessions, where V is
the vertex set and E is the edge set. Since PUs will not relay
traffic for the SSP, PU-related links only refer to links from
sources of primary sessions to CR routers or BSs and links
from CR routers or BSs to destinations of primary sessions.
Each vertex in the PU-related conflict graph corresponds to
a CR link, a PU-related link or a primary session which is
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(b) PU-related conflict graph.
Fig. 4. PU-related conflict graph for a toy CCHN.
represented as an ordered pair. For example, (i, j), i, j ∈ N
represents the CR link from CR router i to CR router j
and exists only when CR router j is within CR router i’s
transmission range. (sp (lp) , j), lp ∈ Lp, j ∈ N , signifies the
PU-related link from the source of the lpth primary session
to CR router j. (sp (lp) , dp (lp)), lp ∈ Lp represents the lpth
primary session.
Similar to [20], [24], [29], two communication links are
said to be conflicting if the receiver of a link is within
the interference range of the transmitter of the other link.
This condition covers the following three kinds of conflicting
relationship between different links:
1) Two links sharing the same transmitter or receiver.
2) The receiver of a link is the transmitter of another link.
3) Two links do not share a radio, but the transmission of
a link will interfere with the reception of the other link.
The first conflicting relationship implies a single radio cannot
support multiple concurrent transmissions/receptions on the
same band. The second one means a single radio cannot use
the same band for simultaneous transmission and reception.
The last one is due to co-channel interference. Based on the
conflicting condition for communication links, a CR link or
a PU-related link conflicts with a primary session once it
conflicts with any primary link, i.e., links between PUs, used
by this primary session. According to those defined conflicting
relationship, we add an undirected edge between two vertices
in V if their corresponding links conflict with each other.
For illustrative purpose, we use a toy CCHN shown in Fig.
4 to show how to construct a PU-related conflict graph. The
toy CCHN consists of four CR routers, i.e., A, B, C and D,
and coexists with a primary session with Ps as the source and
Pd as the destination. For convenience, as commonly done
in the literature, we assume RµνT = RT , ∀µ, ν ∈ {C, b, P},
RµνI = RI , ∀µ, ν ∈ {C, b, P}, and d(Ps,Pd) = d(Ps, A) =
d(B,Pd) = d(A,B) = d(B,C) = d(C,D) = RT = 0.5RI ,
where d(A,B) is the Euclidian distance between A and B.
Under this assumption, Ps can directly reach Pd, and there
are 6 CR links and 2 PU-related links in the toy CCHN11. For
simplicity, we construct the PU-related conflict graph based
on the links indicated in Fig. 4(a) and the result is shown
in Fig. 4(b). There exists an edge between vertices (Ps,Pd)
and (C,D) since Pd is within the interference range of C.
There is an edge between vertices (B,Pd) and (B,C) because
they share the same transmitter B. There is an edge between
vertices (A,B) and (B,C) as B is the receiver in (A,B) and
the transmitter in (B,C). The same arguments apply to other
vertices as well.
Given a set of vertices I ⊆ V , if any two vertices in I
do not share an edge, the corresponding links and primary
sessions in I can be scheduled simultaneously without in-
terfering with each other. In this case, this set of vertices is
called an independent set. If adding one more vertex into the
independent set I results in a non-independent set, the set I
is called the maximal independent set (MIS). By scheduling
corresponding links of an MIS, we can accommodate as many
communication links as possible, which improves frequency
reuse. We collect all MISs of the PU-related conflict graph in
a set I = {I1, · · · , Iq, · · · , IQ}, where Iq is the qth MIS, Q
is the total number of MISs and equals to the cardinality of I,
i.e., |I|. Based on the lpth primary session, we divide I into
Ilp and I lp with Ilp ∩ Ilp = ∅ and Ilp ∪ I lp = I, where Ilp
is the set of MISs which include the vertex corresponding to
the lpth primary session. In what follows, we will formulate
our throughput maximization problem based on MISs of the
PU-related conflict graph.
B. Flow Routing and Link Scheduling Constraints
To optimally utilize network resources, we should jointly
consider flow routing and link scheduling which are tightly
coupled problems. On the one hand, the scheduling at the
data link layer should be able to support the flows at the
network layer. On the other hand, how much flow can be
carried at the network layer is determined by the scheduling
at the data link layer. In this subsection, we mathematically
formulate the flow routing and link scheduling constraints for
the NLC scheme. To embrace possible cooperation between
primary sessions and the SSP, unlike existing works, we add
extra constraints for PU-related links and incorporate primary
session selection and variations in lengths of primary sessions
into our formulation.
1) Control Interval: Usually, the SSP makes link schedul-
ing and routing decisions during a certain period of time which
is called the control interval. For the sake of efficient resource
utilization, the SSP should choose its control interval based
on the lengths of primary sessions. Unlike its counterpart
11The primary session is assumed to be implemented via single-hop
transmissions for simplicity. Our formulation can incorporate both primary
sessions implemented via single-hop transmissions and those implemented
via multi-hop transmissions. Particularly, in performance evaluation part, we
have considered a scenario where some primary sessions are implemented via
multi-hop transmissions.
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promised finishing time for the mth primary session if the SSP
cooperates, defined later)
at physical/MAC layer, determining control interval is more
involved in the NLC scheme since different primary sessions
may have different lengths and it is unknown if the SSP
cooperates with a primary session.
In the CCHN, SUs’ data are delivered to the BS where
the connections to data networks are provided. As a result,
to exploit the cooperation-incurred spectrum access opportu-
nities for service delivery, the SSP must cooperate with the
primary sessions whose activities will conflict with that of
the BS so that SUs’ data can be delivered to the BS during
the cooperation-incurred periods. Suppose multiple primary
sessions exist in the vicinity of the BS and let Tmin denote
the lengths of the shortest primary sessions conflicting with
the activity of the BS. Considering the uncertainty in PUs’
activities, it makes no sense for the SSP to make scheduling
for a period longer than Tmin as it may not be able to access
data networks afterwards. Thus, it is reasonable to set the
length of the control interval as T = Tmin. For clarity, let
us consider an example shown in Fig. 5, where 4 primary
sessions exist and the activity of the BS happens to be affected
by the 3rd primary session. In this case, we set the length of
the control interval as the length of the 3rd primary session.
In the following formulation, we will regard T as a given
parameter.
2) Flow Routing Constraints: To study how much the
SSP can gain from cooperating with primary sessions, we
consider multi-path routing in this paper. According to our
NLC scheme, the SSP should first help PUs finish their
transmissions and then utilize the cooperation-incurred periods
to serve SUs. When reflected at the network layer, there are
two kinds of data flows to be carried over the CCHN. The
flows originated from the edge CR routers are referred to
as secondary flows, and the flows generated by the primary
sessions are called primary flows. For secondary flows, the
achievable rate depends on what the network can provide
since secondary data traffic is transmitted during cooperation-
incurred periods. To encourage PUs to join the cooperating
process, the SSP must ensure PUs’ data is delivered before
a certain time, which implies certain flow rates should be
assured for primary flows. Given different rate requirements,
the flow routing constraints for secondary and primary flows
are introduced separately.
Let Υl be the rate of the lth secondary flow which is
originated from the lth edge CR router s(l). We have the
following flow conservation constraints at the source s(l) as∑
j∈Ts(l)
fs(l)j (l) = Υl, (3)
∑
j∈Rs(l)
fjs(l) (l) = 0, (4)
where fij (l) is the rate of the lth secondary flow over link
(i, j) (l ∈ L, i, j ∈ Ns). (3) implies the rate of the flow origi-
nated from s(l) is limited by what the network can support. (4)
guarantees no flow comes back to the source. Ts(l) is the set of
secondary network facilities within s(l)’s transmission range.
Rs(l) is the set of secondary network facilities with s(l) in
their transmission ranges, i.e., Rs(l) = {j ∈ Ns |s(l) ∈ Tj }.
If CR router i is an intermediate relay of the lth secondary
flow, i.e., i ∈ Ns, i 6= s(l) and i 6= b, the flow into i must
equal to the flow out of i. That is,∑
j∈Ti
fij (l) =
∑
j∈Ri
fji (l). (5)
In the CCHN, all secondary flows go through the BS for
Internet services, which implies the BS b is the common
destination for secondary flows. For the lth secondary flow,
the constraints at b can be formulated as∑
j∈Rb
fjb (l) = Υl (6)
∑
j∈Tb
fbj (l) = 0. (7)
By adding (5) for all intermediate relays, we have∑
j∈Ts(l)
fs(l)j (l) +
∑
j∈Tb
fbj (l) =
∑
j∈Rs(l)
fjs(l) (l) +
∑
j∈Rb
fjb (l).
(8)
From (8), if (3), (4) and (7) are given, (6) must be satisfied.
Therefore, it is sufficient to adopt (3), (4) and (7) in the flow
routing constraints for secondary flows.
Unlike traditional network flow problems, PU-related links
will not carry any secondary flows. Thus, the lth (l ∈ L) sec-
ondary flow over PU-related links must be 0, i.e., fsp(lp)j (l) =
fidp(lp) (l) = 0, j ∈ Tsp(lp), i ∈ Rdp(lp), lp ∈ Lp.
Besides above constraints, the NLC scheme requires the
SSP help PUs finish their transmissions before utilizing the
band for its own data transmissions, which implies that certain
flow rate should be guaranteed for primary flows. Conse-
quently, for the lpth primary flow, which is generated by the
lpth primary session, the constraint at the source sp (lp) can
be written as ∑
j∈T
sp(lp)
fpsp(lp)j (lp) ≥
θlpDlp
T
, (9)
where fpsp(lp)j (lp) is the rate of the lpth primary flow allocated
over the link from the source of the lpth primary session
to CR router j (j ∈ Ns), Tsp(lp) is the set of secondary
network facilities within the transmission range of sp (lp),
θlp is a 0 − 1 parameter representing the SSP’s decision on
whether to cooperate with the lpth primary session. Dlp is
9the data volume of the lpth primary session. T is the length
of the control interval. Since we have already precluded the
links from secondary network facilities to sp (lp) during the
construction of the conflict graph, it is not necessary to include
another constraint similar to (4) for primary flows.
Similar to (5), if CR router i is an intermediate relay of the
lpth primary flow, then,∑
j∈Ti∪ωi,T
fpij (lp) =
∑
j∈Ri∪ωi,R
fpji (lp), (10)
where ωi,T = ∅ if dp (lp) is outside the transmission range of
CR router i and ωi,T = {dp (lp)}, otherwise. Likewise, ωi,R =
∅ if CR router i is out of the transmission range of sp (lp) and
ωi,R = {sp (lp)}, otherwise. fpij (lp) is the rate of the lpth
primary flow over CR link (i, j) (lp ∈ Lp, i, j ∈ Ns), and
fpidp(lp) (lp) represents the flow rate of the lpth primary session
over the link from CR router i (i ∈ Ns) to the destination of
the lpth primary session.
Like the secondary flow case, the constraint at the destina-
tion dp (lp) will be automatically satisfied once (9) and (10)
hold. As a result, this constraint is not listed.
Noticing that PU-related links (sp (lp) , j)’s and
(i, dp (lp))’s, j ∈ Tsp(lp), i ∈ Rdp(lp), lp ∈ Lp will
not relay traffic for other primary flows, we require
fpsp(lp)j
(
lp
′
)
= fpidp(lp)
(
lp
′
)
= 0 when lp 6= lp′ and
lp, lp
′ ∈ Lp.
3) Link Scheduling Constraints: In this paper, we consider
time based link scheduling where different links are allocated
with certain periods of time to build up flows between end
systems. Consequently, the flow rates which the network layer
can provide depend on the data rate of each link as well as
the time share allocated to these links. To provide PUs with
incentives to cooperate, the SSP must guarantee PUs’ data is
delivered to the destination earlier than what would have been
scheduled without the SSP’s help. We introduce an incentive
parameter α to capture this point and assume the SSP will
consider cooperating with the lpth primary session only if it
can at least deliver the data of the lpth primary session to
the destination during a period of Tlp
/
α. In practice, α can
either be determined by the PSP who proactively looks for
cooperation or be set by the SSP who wishes to cooperate with
PUs for spectrum access opportunities. As mentioned above,
if the SSP decides to cooperate with the lpth primary session,
the CCHN has to support a network flow with rate Dlp
/
T . In
this case, the incentive mechanism demands a link scheduling
which is able to build up a flow with rate Dlp
/
T for the lpth
primary session during a period of Tlp
/
α.
Without loss of generality, we assume primary sessions are
sorted by session times and the lpth primary session has the
lpth shortest duration, i.e., T1 ≤ T2 ≤ · · · ≤ TLp . Our
formulation needs another set of parameters defined as12
tm =


0
min {Tm/α, T}
T
m = 0
1 ≤ m ≤ Lp
m = Lp + 1
, (11)
12We assume all primary sessions start at 0 for simplicity. In practice, the
start time can be determined by the SSP.
where tm (m = 1, · · · , Lp) corresponds to the finishing time
of the mth primary session promised by the SSP. If Tm/α ≥
T , the incentives for PUs will be automatically satisfied when
the SSP delivers their data during the control interval of length
T . In view of that, it is enough to set tm asmin {Tm/α, T} for
m = 1, · · · , Lp. To facilitate the mathematical formulation of
the incentive-related constraints, we divide the control interval
based on tm’s defined in (11). For example, in Fig. 5, the
control interval is divided by {t1, t2, t3, t4, t5}, where t1, t2,
t3, t4 are the promised finishing time of the four primary
sessions and t5 = T is the end of the control interval. Since
the data of the mth primary session must be delivered before
tm, different set of flows are carried by the CCHN during
the intervals (tm−1, tm), m = 1, · · · , Lp + 1. In this view,
we establish separate link scheduling constraints for these
intervals.
As mentioned before, at any time, at most one MIS in I
can be scheduled to transmit. To proceed, define 0 ≤ λmq ≤ 1
as the time share allocated to the qth MIS Iq in the interval
(tm−1, tm), m = 1, · · · , Lp + 1. Then, we have our first set
of link scheduling constraints
Q∑
q=1
λmq ≤ tm − tm−1
T
,m = 1, · · · , Lp + 1. (12)
To protect primary sessions, the links conflicting with the
lpth primary session can be scheduled only when the SSP
chooses to cooperate with the lpth primary session. That is,
the SSP can schedule the MISs in Ilp if it decides to cooperate
with the lpth primary session. Otherwise, only the MISs in
Ilp can be scheduled. Consequently, we have the following
constraint related to the lpth (lp ∈ Lp) primary session in
interval (tm−1, tm), m = 1, · · · , Lp + 1
Q∑
q=1
λmq1
(
Iq ∈ Ilp
) ≤1 (Tlp ≥ tm−1) θlp
× min
{
Tlp − tm−1, tm − tm−1
}
T
,
(13)
where 1
(
Iq ∈ Ilp
)
= 1 if Iq belongs to Ilp , otherwise,
1
(
Iq ∈ Ilp
)
= 0. 1
(
Tlp ≥ tm−1
)
is an indicator function
which signifies the MISs in Ilp cannot be scheduled after
Tlp , the duration of the intended transmission periods of the
lpth session. When the SSP decides to cooperate with the lpth
primary session, θlp = 1, and at most
min{Tlp−tm−1,tm−tm−1}
T
can be assigned to the MISs in Ilp . The min operation in (13)
is used to cover the case where tm−1 < Tlp < tm (e.g.,
t2 < T1 < t3 in Fig. 5). If the SSP chooses not to cooperate
with the lpth primary session, θlp = 0. Since λmq ≥ 0,
(13) forces λmq = 0, ∀Iq ∈ I lp , i.e., MISs in Ilp cannot be
scheduled if the SSP does not cooperate with the lpth primary
session.
Since a flow is feasible only when there exists a schedule of
the links to support it, we need a few more constraints to relate
flow rate to link scheduling. To mathematically formulate these
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constraints, we denote the data rate for CR link (i, j), i, j ∈
Ns, when Iq is scheduled as rij (Iq) which is defined as
rij (Iq) =
{
cij (i, j) ∈ Iq
0 (i, j) /∈ Iq . (14)
cij is the achievable data rate for CR link (i, j). If Iq is
assigned λmq of the whole control interval during (tm−1, tm),
the flow rate contributed by scheduling Iq over (tm−1, tm) is
λmqrij (Iq). Following (14), we can define similar parameters
for PU-related links.
As mentioned above, the data of the lpth primary session
must be delivered before tlp , lp ∈ Lp, which implies the SSP
must be able to build up the lpth primary flow in the CCHN
merely based on the link scheduling in
(
0, tlp
)
. Together with
the fact that the data of the kth (1 ≤ k ≤ lp) primary
session has already been delivered at the time tlp , we have
the following set of constraints for CR link (i, j), i, j ∈ Ns
lp∑
k=1
fpij (k) ≤
lp∑
m=1
Q∑
q=1
λmqrij (Iq), lp ∈ Lp. (15)
For example, when lp = 1, (15) reduces to f
p
ij (1) ≤
Q∑
q=1
λ1qrij (Iq) which means the data of the 1st primary
session has been delivered by t1.
Unlike primary flows, secondary flows are carried by the
leftover network resources. Thus, their rates depend on both
the rates of primary flows and the amount of network resources
which can be provided by the CCHN during the whole control
interval. This provides us with the following constraints for CR
link (i, j), i, j ∈ Ns
Lp∑
lp=1
fpij (lp) +
L∑
l=1
fij (l) ≤
Lp+1∑
m=1
Q∑
q=1
λmqrij (Iq), (16)
where the left side is the sum of flow rates to be supported
by the network and the right-hand side presents what the link
scheduling can provide.
For PU-related links, we can easily write down the same set
of constraints as (15) and (16). As stated in the flow routing
part, each PU-related link will not relay traffic for either the
SSP or other primary sessions. As a result, we can simplify
the constraints for PU-related links as (lp ∈ Lp)
fpsp(lp)j (lp) ≤
lp∑
m=1
Q∑
q=1
λmqrsp(lp)j (Iq) (17)
fpidp(lp) (lp) ≤
lp∑
m=1
Q∑
q=1
λmqridp(lp) (Iq) (18)
fpsp(lp)j (lp) ≤
Lp+1∑
m=1
Q∑
q=1
λmqrsp(lp)j (Iq) (19)
fpidp(lp) (lp) ≤
Lp+1∑
m=1
Q∑
q=1
λmqridp(lp) (Iq), (20)
where (17) and (18) correspond to (15), and (19) and (20)
correspond to (16). Since (19) and (20) will be automatically
satisfied once (17) and (18) are valid, only (17) and (18) are
listed as constraints for our throughput maximization problem.
C. Cooperative Mechanism Design under Multiple Con-
straints
In our NLC scheme, to serve SUs, the SSP uses its own
network resources to cooperate with primary sessions to obtain
spectrum access opportunities. To exploit the cooperation-
incurred benefits, the SSP seeks optimal strategies to select ap-
propriate primary sessions to cooperate with, choose secondary
network facilities to relay PUs’ data, assign cooperation-
incurred periods to BSs and CR routers for data transmissions,
and route secondary flows such that the total throughput of the
CCHN is maximized. With the flow routing and link schedul-
ing constraints introduced in Section V.B, the cooperative
mechanism design can be cast into the following throughput
maximization problem under multiple constraints as
maximize
∑
l∈L
Υl
s.t.: (3) ∼ (5), (7), (9), (10)
(12), (13), (15) ∼ (18)
fij (l) ≥ 0 (l ∈ L, i ∈ Ns, j ∈ Ti) (21)
fpij (lp) ≥ 0 (lp ∈ Lp, i ∈ Ns, j ∈ Ti) (22)
fpsp(lp)j (lp) ≥ 0
(
lp ∈ Lp, j ∈ Tsp(lp)
)
(23)
fpidp(lp) (lp) ≥ 0
(
lp ∈ Lp, i ∈ Rdp(lp)
)
(24)
fsp(lp)j (l) = fidp(lp) (l) = 0(
l ∈ L, j ∈ Tsp(lp), i ∈ Rdp(lp), lp ∈ Lp
)
(25)
fpsp(lp)j
(
lp
′
)
= fpidp(lp)
(
lp
′
)
= 0(
lp 6= lp′, lp, lp′ ∈ Lp
)
(26)
θlp ∈ {0, 1} (lp ∈ Lp) Υl ≥ 0 (l ∈ L) (27)
where θlp , fij (l), f
p
ij (lp), f
p
sp(lp)j
(lp), f
p
idp(lp)
(lp),
fsp(lp)j (l), fidp(lp) (l), f
p
sp(lp)j
(
lp
′
)
, fpidp(lp)
(
lp
′
)
, λmq
and Υl are decision variables. Although indicator functions
and set membership functions have been employed in this
problem (e.g., constraints (13)), they become constants
given the results of the MIS searching subproblem. Clearly,
after reformulating this problem based on the results of the
MIS searching subproblem, both the objective function and
constraints of the reformulated optimization problem are
linear. The only integer decision variables involved are those
0-1 variables θlp which signifies the cooperating decision
of the SSP on the lpth primary session. Thus, given the
results of the MIS searching subproblem, above optimization
problem is a mixed integer linear programming (MILP)
which is generally NP-hard. Fortunately, in the MILP part
of our formulation, the integer variables are 0-1 variables
resulted from the selection of primary sessions. Noticing that
the number of primary sessions in the considered areas will
be limited due to potentially mutual interference between
them, the number of integer variables in the MILP part of
our formulation is limited and thus the considered MILP
can be solved by optimization softwares, such as CPLEX
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and lp solve, employing, for example, the classical branch-
and-bound approach. Thus, the most difficult part of the
optimization problem is to search for MISs in G = (V,E),
which will be introduced next.
D. Augmented SIO-Based Algorithm for MIS Search
Generally, finding all MISs of a conflict graph G = (V,E)
is NP-complete and is often encountered in multi-hop wireless
networks [24], [29]. When the size of G = (V,E) is small,
all MISs can be found via brute-force search. When the size
of G = (V,E) becomes large, the complexity of brute-force
search is prohibitive so that it is impractical to find all MISs
[24]. Recently, the computation of MISs in multi-hop wireless
networks has been systematically studied in [24]. In this work,
Li et al. point out that only a small set of MISs, i.e., critical
MISs, are needed and scheduled by the optimal solution
although G = (V,E) has exponentially many MISs. In view
of that, they developed an SIO-based method to intelligently
compute a set of MISs such that critical MISs are covered as
many as possible. As shown in [24], the SIO-based method
returns a set of MISs in polynomial time and outperforms the
widely adopted random algorithms.
To find the critical MISs for the considered throughput
maximization problem, the SSP needs to know the locations of
the sources and destinations of primary sessions. We assume
such information can be obtained from primary users (PUs)
or their service providers. This assumption is made based on
the following considerations. First, this work addresses prob-
lems in cooperative cognitive radio networks (CRNs) where
certain level of cooperation and information exchange exist
between primary networks and secondary networks. Second,
as a service provider, the SSP will have more credibility than
individual SUs, which will facilitate such information sharing
with PUs. With such information, the SSP can construct the
PU-related conflict graph based on which the critical MISs
can be found. Once the SSP knows which primary sessions
to cooperate with, it can employ the SIO-based method to
identify a set of MISs where critical MIS are covered as many
as possible. Unfortunately, the sources and destinations of the
considered cross-layer optimization problem are not known in
advance since the SSP needs to intelligently select primary
sessions to cooperate with in order to maximize cooperation-
incurred benefits. Clearly, different primary sessions will lead
to different sources and destinations and thus different critical
MISs. To address this challenge, we develop an heuristic
algorithm, called the augmented scheduling index ordering
based (SIO-based) algorithm, based on the SIO-based method
so that critical MISs can be covered as many as possible.
Once the SSP obtains the PU-related conflict graph based on
the information shared by PUs, it can employ the augmented
SIO-based algorithm as well as the information on the CCHN
and primary sessions to find a set of MISs where critical MISs
are covered as many as possible.
The augmented SIO-based algorithm, as shown in Algo-
rithm 1, is developed based on the observation that the un-
certainty of sources and destinations comes from the selection
of primary sessions. The basic idea of the proposed algorithm
Algorithm 1 : Augmented SIO-Based Algorithm
Input: The topology of the CCHN, sources and destinations
of primary sessions, and the PU-related conflict graphG =
(V,E),
Output: A set of MISs Ia
1: Compute a set of MISs Ia of G based on the SIO-based
method
2: for j=0 to Lp − 1 do
3: Compute all subsets of Lp with cardinality j and collect
these subsets in a set Pj ;
4: for all p ∈ Pj do
5: Construct another graph Gp from the PU-related
conflict graph G by removing the primary sessions in
Lp − p as well as the vertices/links conflicting with
these primary sessions
6: Compute a set of MISs of Gp, Mp, with
{s(l), l ∈ L} ∪ {s(lp), lp ∈ p} as the source and
{b} ∪ {dp(lp), lp ∈ p} as the destinations based on
the SIO-based method
7: add the primary session in Lp−p to each set in Mp
to obtain a set, Ip, of MISs in G
8: Ia=Ia ∪ Ip
9: end for
10: end for
is to compute a set of MISs for every possible combination
of primary sessions and collect all these computed MISs to
augment the set of MISs computed by the original SIO-based
method. Specifically, for each choice of primary sessions, we
will first eliminate the unselected primary sessions and the
links which conflict with these primary sessions from the PU-
related conflict graph and, then, run the SIO-based algorithm
on the resulted graph to obtain a set of MISs of this graph.
After that, the unselected primary sessions are added back to
each of these MISs to obtain a set of MISs of the original PU-
related conflict graph. Once such a set of MISs is obtained,
it is combined with the previously computed sets of MISs.
Following this procedure, we can obtain the augmented set
of MISs after going through all possible choices of primary
sessions. Finally, this augmented set of MISs is combined
with that computed by the original SIO-based algorithm into
a new set of MISs which will be used in the considered
optimization problem for solution finding. Given Lp primary
sessions, line 5−8 will be iterated for 2Lp−1 times. As proved
in [24], the running time of line 6 is O
(
V 4
)
and dominates the
running time of each iteration. Noticing line 1 takes O
(
V 4
)
time, the complexity of the proposed algorithm is O
(
2LpV 4
)
.
Due to mutual conflict/interference, the number of primary
sessions Lp in a certain area is limited and is bounded by
a constant. Then, the complexity of the proposed algorithm
becomes O
(
V 4
)
, which implies the proposed algorithm will
terminate in polynomial time.
VI. PERFORMANCE EVALUATION
In this section, the feasibility and effectiveness of the
proposed NLC scheme is examined via extensive simulations.
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Fig. 6. Topology of the simulated CCHN.
A. Simulation Setup
We consider a CCHN with a BS and N = 24 CR routers.
According to [28], the placement of CR routers should be
carefully planned to improve the spectrum efficiency and
system capacity. As a result, we assume the BS and CR routers
are regularly deployed based on a grid topology as shown
in Fig. 6 where the BS is located at the center and each
pair of secondary network facilities is 200m away. Among
those CR router, CR1 and CR24 are edge CR routers. There
are 5 primary sessions collocated with the CCHN and the
source of each session is 200m far away from its destination.
The sources and destinations of primary sessions are 100
√
2m
away from the nearest secondary network facilities. The BS,
CR routers and the source of each primary session all employ
2W for transmission, i.e., Pµt = 2W , ∀µ ∈ {C, b, P}.
The thresholds for successful reception and the interference
thresholds are set as P νR = 10
−6W and P νI = 1.34× 10−7W ,
∀ν ∈ {C, b, P}, respectively. The path loss exponent is n = 3
and the antenna related constant γ = 4.63. Based on Section
IV.B, RµνT = 210m and R
µν
I = 410m, ∀µ, ν ∈ {C, b, P},
i.e., CR routers, the BS, and PUs share the same transmission
range and interference range.
B. Results and Analysis
The performance of our NLC approach is first compared
with that of the LLC approach in Fig. 7 where the LLC ap-
proach is implemented based on decode-and-forward relaying
with a frame length of 10ms [9]. The PU-related links have
the same data rate 3Mbps, the CR links have the same data
rate rCR. To make our comparison more comprehensive, we
introduce ρ, the probability that PUs are active, to signify PUs’
activity and obtain final results by averaging the corresponding
throughput of the CCHN when PU are active and inactive. In
the case where PUs are active, the data volume of primary ses-
sions is set as D1 = · · · = DLp = 20Mbits, and the lengths
of the 5 primary sessions are 30s, 30s, 30s, 60s, 60s, which
implies that the length of the control interval is T = 30s.
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Fig. 7. The throughput performance of the NLC approach and the
LLC approach.
For the LLC approach, we assume PUs equally allocate their
scheduled data into different frames. For our NLC approach,
we set the incentive parameter α as 1. As shown in Fig. 7, our
NLC approach can achieve much higher throughput than that
of the LLC approach, which demonstrates the effectiveness
of our approach in network throughput enhancement. With a
higher rCR, the CCHN is able to deliver more data during
a fixed time period, and thus it is not surprising that the
throughput of the CCHN grows with rCR increasing. Another
observation from Fig. 7 is that the throughput of the CCHN
decreases when ρ increases from 0.3 to 0.5. Intuitively, the
increase in PUs’ activities will limit the number of network
resources available to the CCHN, which will in turn lead to
the reduction in the throughput of the CCHN.
In Fig. 8, we further compare the completion time of
primary transmissions under our NLC approach with that
under the LLC approach. To facilitate the comparison, we
focus on the data transmission of the first primary session,
i.e., the data transmission from Ps1 to Pd1, and assume it is
active with probability 1. The LLC approach is implemented
based on decode-and-forward relaying [9]. Other parameters
are the same as those in Fig. 7. As shown in Fig. 8, when
compared with the LLC approach, our NLC approach can
greatly shorten the completion time of primary session and
thus are more likely to motivate PUs to join the cooperation-
based spectrum access processes. From Fig. 8, with the data
volume of the primary session growing, the completion time of
the primary transmission increases when our NLC approach is
adopted and almost remains the same when the LLC approach
is employed. Clearly, given the network topology of the CCHN
and the amount of available spectrum, the completion time of
the primary transmission will increase when the data volume
of the primary session increases, which explains the results
under our NLC approach. As aforementioned, under the LLC
approach, no matter how fast PUs’ data could be delivered in
each frame, PUs still need to wait until the last frame for their
data transmissions to be finished. Due to small frame length,
under the LLC scheme, the completion time of the primary
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Fig. 8. The completion time of primary transmissions under the NLC
approach and the LLC approach.
transmission is almost the same when the volume of primary
session varies.
In Fig. 9, we study the relation between the throughput of
the CCHN and the data volumes of primary sessions Dlp ’s.
To clearly reflect the impact of Dlp ’s, we set D1 = · · · =
DLp = D, ρ = 1, and assume both CR links and PU-
related links have the same data rate 3Mbps. The lengths
of primary sessions are the same as those in Fig. 7. Fig. 9
shows the throughput of the CCHN decreases as D increases.
During a control interval, the number of available network
resources in the CCHN is fixed once the SSP determines which
primary sessions to cooperate with. When D gets larger, the
SSP will allocate more resources to relay PUs’ traffic and less
resources will be used to deliver secondary data, which leads
to a reduction in the amount of delivered secondary data during
the control interval. Consequently, the growth of D results in
a decrease of the throughput of the CCHN. Additionally, the
impact of the incentive parameter α shown in Fig. 9 is very
interesting. When the data volume D of the primary sessions
is small, the CCHN can obtain the same throughput under
α = 1 and α = 2. However, after D reaches a certain value,
the throughput of the CCHN under α = 2 becomes 0. In the
considered network, when D is small, delivering PUs’ data
will not cost too much and the SSP will choose to cooperate
with those primary sessions no matter α = 1 or α = 2.
Generally, the amount of available network resources is fixed
once the SSP decides which primary sessions to cooperate
with. Given the same amount of primary data traffic, the
amount of network resources left for secondary flows is the
same for α = 1 and α = 2 cases, which results in the same
throughput of the CCHN under α = 1 and α = 2. When D
is large enough, things become different since PUs’ data must
be delivered in a shorter period of time when α = 2. In this
case, the requirements of primary sessions are too high to be
satisfied and thus the SSP chooses not to cooperate, which
leads to a 0 throughput.
How the data rates of different links affect the throughput
of the CCHN is shown in Fig. 10. In general, the SSP is able
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Fig. 9. The throughput of the CCHN v.s. the data volume of primary
sessions.
to schedule two kinds of links, PU-related links and CR links.
To study the impacts of these links, we assume all PU-related
links have the same data rate rPCR (i.e., rsp(lp)j = ridp(lp) =
rPCR, i, j ∈ Ns, lp ∈ Lp) and all CR links have the same data
rate rCR (i.e., rij = rCR, i, j ∈ Ns). The other parameters
are the same as in Fig. 9, except α = 1 and D = 30Mbits.
It is observed that the throughput of the CCHN grows at a
decreasing growth rate with rPCR increasing. When rPCR
is higher, the CCHN can help PUs finish their transmission
more quickly and obtain longer cooperation-incurred periods
to deliver more secondary data. As a result, the CCHN obtains
higher throughput with rPCR increasing. When rPCR is high
enough, further increases in rPCR will not extend cooperation-
incurred periods too much and thus the growth rate decreases.
Since the secondary flows are carried by CR links, high-speed
CR links will result in improvement in the throughput of the
CCHN as shown in Fig. 10. Particularly, when cooperation-
incurred periods are extended due to high rPCR, much more
secondary data can be delivered with higher rCR, which
explains the gap between the two curves in Fig. 10.
In Fig. 11, we study the relationship between the throughput
of the CCHN and the lengths of primary sessions. To make
it more clear, we assume all primary sessions have the same
length, i.e., T1 = · · · = TLp , and thus the length of control
interval is T = T1 = · · · = TLp . The values of other
parameters are the same as in Fig. 9. The results show the
throughput of the CCHN is an increasing function of T with
decreasing growth rate. Let τm be the maximum achievable
throughput of the CCHN when all network resources are
dedicated to secondary data transmissions, τT and τT+∆T
be the achievable throughput of the CCHN via cooperating
with primary sessions over control intervals with lengths of
T and T + ∆T , respectively. Intuitively, τm ≥ τT . For
illustration, we assume the CCHN can deliver PUs’ data
in T and the SSP’s cooperating decision on each primary
session remains unchanged when T is extended to T + ∆T .
As a result, during the period ∆T , all network resources
will be used for secondary transmissions. Then, we have
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Fig. 10. The throughput of the CCHN v.s. the data rate of PU-related
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Fig. 11. The throughput of the CCHN v.s. the lengths of primary
sessions.
τT+∆T=
τTT+τm∆T
T+∆T ≥ τTT+τT∆TT+∆T = τT , which explains why
the throughput of the CCHN increases when T is extended to
T +∆T . Additionally, the growth rate of the throughput can
be derived as
τT+∆T−τT
∆T =
(τm−τT )
T+∆T . Since τT increases with
respect to T , the growth rate of τT , i.e.,
τT+∆T−τT
∆T , decreases
when T gets larger.
To examine the performance of the augmented SIO-based
algorithm, we compare the maximum throughput of the CCHN
based on the augmented SIO-based algorithm with that based
on the original SIO-based method in Fig. 12. The parameter
settings are the same as Fig. 9 except the incentive param-
eter α = 1. The results demonstrate the superiority of the
augmented SIO-based algorithm, particularly when primary
sessions have a large amount of data to transmit. According to
Fig. 12, the original SIO-based method can achieve compara-
ble performance with that of the augmented SIO-based method
when D is small. Intuitively, a small D means PUs’ data can
be easily delivered and the maximum throughput of the CCHN
mainly depends on the scheduling of secondary flows. In the
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Fig. 12. Comparison between the augmented SIO-based algorithm
and the original SIO-based method.
Fig. 13. Topology of the simulated CCHN with some primary sessions
implemented via multi-hop transmissions.
CCHN, the sources and the destinations of secondary flows are
known to be the edge CR-routers and the BS, which implies
the SIO-based method can cover most of the critical MISs
for secondary flows. Consequently, when D is small, based
on the SIO-based method, the achievable throughput is close
to that based on the augmented SIO-based method. When D
gets larger, the SSP will allocate more resources to relay PUs’
traffic to acquire the spectrum access opportunities. In this
case, the achievable throughput of the CCHN will not only be
determined by the scheduling of secondary flows but also be
affected by how the primary traffic is delivered. Since the SIO-
based method is not efficient in computing the critical MISs
for PUs’ data delivery, the CCHN will get lower throughput
by scheduling the set of MISs computed from the original
SIO-based method.
Finally, we evaluate the effectiveness of our NLC scheme
when some primary sessions are implemented via multi-hop
transmissions. Specifically, we consider a CCHN where the
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Fig. 14. The throughput performance of the NLC approach and the
LLC approach, when some primary sessions are implemented via
multi-hop transmissions.
fourth primary session, i.e., the data transmission from Ps4 to
Pd4, is implemented via multi-hop transmissions and Pr4 is
the intermediate relay for the fourth primary session as shown
in Fig. 13. The parameters and network settings are the same
as those in Fig. 7. The only difference is that, in each frame,
the transmission of the fourth primary session is completed
over two subframes of length 5ms and the LLC scheme is
implemented in each subframe through decode-and-forward
relaying since there are two hops involved in the fourth
primary session. The results are shown in Fig. 14. It is obvious
that our NLC scheme can achieve a much higher throughput
than that of the LLC approach, which implies that our NLC
approach is effective in network throughput enhancement even
if multi-hop flows are involved in the primary networks.
Based on the same network topology, we further compare the
completion time of primary sessions under our NLC approach
and that under the LLC approach in Fig. 15. To examine the
effectiveness of our NLC approach in dealing with multi-hop
primary flows, we focus on the data transmission of the fourth
primary session and assume it is active with probability 1.
Other parameters are the same as those in Fig. 14. Clearly from
Fig. 15, even if primary sessions are implemented via multi-
hop transmissions, our NLC approach can still greatly shorten
the completion time of primary sessions when compared with
the LLC approach and thus is more likely to motivate PUs to
join the cooperation-based spectrum access processes.
VII. THROUGHPUT ANALYSIS
Previous sections are dedicated to the NLC mechanism
design under the CCHN architecture, which focuses on the
achievable throughput of the CCHN. In this section, we will
analyze what our CCHN based NLC scheme can offer to
individual SUs.
Specifically, we consider a network where n SUs distribute
in a square with side length n
1
2 . There are totally nb BSs and
CR routers regularly placed in the considered square among
which there are nd BSs, where 0 < d ≤ b < 1. As proved in
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Fig. 15. The completion time of primary transmissions, under the
NLC scheme and the LLC scheme, when some primary sessions are
implemented via multi-hop transmissions.
Appendix B, the achievable throughput of individual SUs can
be derived as
ξ =


Ω
(
nb−1
)
0 < d = b < 1
Ω
(
min
{
nb−1,Wn
b
2−1
})
0 < b2 < d < b < 1
Ω
(
min
{
nb−1,Wnd−1
})
0 < d ≤ b2 < 1
,
(28)
where W is the bandwidth which can be exploited by BSs
and CR routers for data transmissions and is obtained by, for
example, helping with PUs transmissions. 0 < b = d < 1
corresponds to the case where all nodes deployed by the SSP
are BSs.
From (28), we can gain a couple of insights on the behaviour
of the CCHN when the number of SUs is high. Clearly from
(28), the achievable throughput of each SU decreases when
more SUs are served by the CCHN. This is not surprising since
there will be more SUs contending for resources. Fortunately,
as shown in (28), depending on specific situations, the SSP can
improve its service provisioning via either identifying more
spectrum resources or deploying more BSs/CR routers. For
example, given 0 < b2 < d < 1 and the number of BSs (i.e.,
d), the achievable throughput of individual SUs is determined
by b andW which represents the number of CR routers and the
number of harvested spectrum resources available to BSs/CR
routers. In this case, the SSP can offer higher achievable
throughput by deploying more CR routers and acquiring more
harvested bands. Once enough CR routers are deployed, i.e.,
0 < d ≤ b2 < 1, the achievable throughput of SUs is limited by
the number of BSs due to contention at BSs. In this case, the
SSP should deploy more BSs in order to resolve contention.
Deploying extra BSs and CR routers will not only result in
an increase in both the OPEX and CAPEX of the SSP but
also increase the complexity of network management. Thus,
the deployment of BSs and CR routers in the CCHN should
be carefully studied. That is the reason why we study the
placement of BSs and CR routers in [28].
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VIII. CONCLUSION
In this paper, we propose a network-level session-based
cooperative (NLC) approach to enable the cooperation-based
spectrum access in CRNs. Unlike the traditional link-level
frame-based cooperative (LLC) approach, in the NLC ap-
proach, a group of SUs instead of individual SUs cooperate
with primary sessions for spectrum access opportunities and
the obtained spectrum access opportunities are sharing within
the corresponding group. Thanks to the group-based coopera-
tion approach and session-by-session cooperative strategy, the
NLC approach is able to achieve efficient spectrum resource
utilization for network capacity enhancement and motivate
PUs to join the cooperation-based spectrum access processes.
To elaborate our NLC approach, we further develop an NLC
scheme based on our CCHN architecture. By leveraging the
PU-related conflict graph, we mathematically formulate the
cooperative mechanism design as a throughput maximization
problem with constraints on primary session selection, flow
routing, and link scheduling. To facilitate the cross-layer
optimization, we develop an augmented algorithm based on
scheduling index ordering (SIO) to search for MISs. The
impacts of various network parameters on the throughput of
the CCHN are carefully studied via extensive simulations.
Our extensive simulation studies demonstrate the superiority
of the proposed CCHN based NLC scheme which provides a
promising solution for future cooperative CRNs.
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APPENDIX A
THE DECOMPOSABLE STRUCTURE OF THE CONSIDERED
PROBLEM
The optimization problem studied in this paper aims to
maximize the throughput of the CCHN under interference
constraints. For efficient resource utilization, we need to jointly
consider the flow routing in the network layer and the link
scheduling in the data link layer. In essence, the optimization
problem considered in this paper is a throughput maximization
problem for multihop wireless networks with interference
constraints. Generally, this kind of problems can be formulated
as
maximize
∑
l∈L
Υl
s.t. : flow routing constraints, (29)
fij ≤ vijcij , 0 ≤ vij ≤ 1,
Interference constraints for vij ,
where the objective function is the maximum throughput
supported over the CCHN, fij is the total amount of flow
allocated to link (i, j), cij is the throughput of link (i, j),
vij is the time share where link (i, j) is active. The “Inter-
ference constraints for vij” in (C1) signifies the interference
relationships between different links, such as two links cannot
be active simultaneously, which limit the value of vij . In
this paper, such interference relationships are characterized
by the conflict graph G. The decision variables for problem
(C1) is fij and vij which are collected in vectors f and v,
respectively. As proved in [31], it is not only NP-hard to
find the optimal solution to problem (C1) but also NP-hard
to solve it approximately, which implies that we should look
for heuristic algorithms.
As shown in [31], v satisfies the “Interference constraints
for vij” if and only if it is within the independent set polytope
of the conflict graph G. Namely, v is feasible under the
“Interference constraints for vij” if and only if
v =
Q∑
τ=1
λτvτ ,
Q∑
τ=1
λτ = 1, 0 ≤ λτ ≤ 1, (30)
where vτ ∈ {0, 1}|V |×1 is a vector used to characterize the τ th
independent set of the conflict graph G, |V | is the number of
vertices in conflict graph G. The jth element of vτ is 1 if and
only if the corresponding vertex is in the τ th independent set.
Q is the total number of independent sets of G. By replacing
the “Interference constraints for vij” in (29) with (30), we
have an equivalent optimization problem as
maximize
∑
l∈L
Υl
s.t. : flow routing constraints, (31)
fij ≤ cij
Q∑
τ=1
λτ1 ((i, j) ∈ Iτ ),
Q∑
τ=1
λτ = 1, 0 ≤ λτ ≤ 1,
where Iτ represents the τ th independent set of G and
1 ((i, j) ∈ Iτ ) is an indicator function which equals 1 if and
only if the vertex associated with link (i, j) is within Iτ . λτ
can be viewed as the time share allocated to Iτ . For ease of
presentation, we collect λτ ’s in a vector Λ.
According to the definition of the maximal independent set
(MIS), each independent set must be a subset of an MIS. By
offering the time share allocated to Iτ to the MIS Iq , where
Iτ ⊆ Iq and Iq is the qth MIS, we can always obtain a feasible
solution Λ′ to problem (31) from each feasible solution Λ
to problem (31) and achieve at least the same maximum
achievable throughput. Thus, to find the optimal solution to
problem (31), we only need to consider Λ with λτ = 0 if
the τ th independent set, Iτ , is not an MIS of G. Namely, we
can find an optimal solution to problem (31) by solving the
following optimization problem
maximize
∑
l∈L
Υl
s.t. : flow routing constraints, (32)
fij ≤ cij
Q∑
q=1
λq1 ((i, j) ∈ Iq),
Q∑
q=1
λq ≤ 1, 0 ≤ λq ≤ 1,
where Q is the total number of MISs of G and Iq is the qth
MIS of G.
Q∑
q=1
λq ≤ 1 is due to the fact that empty set is
an independent set but not an MIS. Then, we can achieve the
optimal throughput and obtain the optimal solution to problem
(31) by solving problem (32). Obviously, given all MISs of G,
problem (32) is a linear programming if no integer variables
are involved in the flow routing constraints, which implies
that problem (32) and thus the original problem (29) can be
solved by solving two subproblems, i.e., finding all MISs of G
and the corresponding linear programming to find the optimal
scheduling of these MISs as well as flow allocation. The
only difference between our problem and problem (29) is that
our problem involves the selection of primary sessions which
not only introduces 0-1 variables to flow routing constraints
but also affect the set of MISs to be scheduled. Due to
the involvement of these 0-1 variables, our problem can be
decomposed into an MIS searching subproblem and an MILP,
instead of a linear programming.
APPENDIX B
ACHIEVABLE THROUGHPUT OF INDIVIDUAL SUS
In this paper, our proposed NLC scheme is studied based
on the CCHN where an SSP deploys BSs and CR routers to
serve SUs by harvesting spectrum resources. In the CCHN,
SUs’ data is either aggregated at neighboring edge CR routers
or directly delivered to BSs, if possible. Under the super-
vision of the SSP, CR routers collectively exploit harvested
spectrum resources, such as those obtained via helping with
PUs’ transmissions, and deliver SUs’ data to BSs for data
networks access. Obviously, data transmissions in the CCHN
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are carried out in at most two steps: from SUs to neighboring
BSs/CR routers and from CR routers to targeted BSs. Thus,
we will analyze SUs’ achievable throughput in the two steps,
respectively, and the minimum of these two is SUs’ achievable
throughput in the CCHN. To facilitate analysis, we make the
following assumptions
• All SUs have a total bandwidth of 1 which can be utilized
to access neighboring BSs/CR routers. CR routers and
BSs can exploit a bandwidth of W which is obtained by,
for example, helping with PUs’ transmissions.
• There are n SUs distributed in a square with side length
n1/2. There are totallym = nb BSs and CR routers in the
considered square among which there are nd BSs, where
0 < d ≤ b < 1. These BSs and CR routers are regularly
places so that the consider square can be divided into
squares of area 1m , which we call subsquares. Clearly,
there is only one BS or CR router in each subsquare.
• BSs are evenly distributed along both the y-coordinate
and the x-coordinate. As a result, for the subsquares
sharing the same y-coordinates, when d > b2 , there are
nd−
b
2 of them containing a BS, when d ≤ b2 , there
are at most c1 of them containing a BS, where c1 is
a constant. Meanwhile, for the subsquares sharing the
same x-coordinates, when d > b2 , there are n
d− b2 of
them containing a BS, when d ≤ b2 , there are at most
c2 of them containing a BS, where c2 is a constant.
• Each SU will generate a flow which will be first aggre-
gated at the BS or CR router within the same subsquare.
If a BS resides in a subsquare, it is considered as the
destination of all flows generated from this subsquare.
While, for CR routers, flows generated from the cor-
responding subsquares are assumed to be targeted at
randomly selected BSs, for easy of analysis.
• SUs can reach the BSs/CR routers in the same subsquare
via either direct transmissions or multi-hop transmissions
depending on their distances.
• The inter-subsquare transmissions are carried out between
corresponding BSs/CR routers.
Before we proceed, we will prove a Lemma on the prob-
ability distribution of a random variable X =
η∑
i=1
εi, where
εi’s are mutually independent Bernoulli random variables, and
εi equals 1 with probability pi. Noticing that this Lemma is
provided in [34] without proof, we offer the proof here to
facilitate easy reading.
Lemma 1 For any δ > 0, we have
P (X ≥ (1 + δ)µX) < e−µXf(δ), (33)
where µX is the mean of X and f (δ) = (1 + δ) ln (1 + δ)−δ.
Proof: For r > 0 and σ > 0, we have
P (X − µX ≥ r) = P
(
eσ(X−µX) ≥ eσr
)
. (34)
Applying Markov inequality, the probability in (34) can be
bounded as
P (X − µX ≥ r) ≤ E
[
eσ(X−µX )
]
e−σr. (35)
Noticing that X =
η∑
i=1
εi and µX =
η∑
i=1
µεi , where µεi is the
mean of εi and equals pi, it follows
E
[
eσ(X−µX )
]
=E
[
e
σ
η∑
i=1
εi−µεi
]
= e
−σ
η∑
i=1
µεi
E
[
e
σ
η∑
i=1
εi
]
=e−σµXE
[
e
σ
η∑
i=1
εi
]
= e−σµX
η∏
i=1
E [eσεi ]
=e−σµX
η∏
i=1
(pie
σ + 1− pi). (36)
Since pie
σ − pi > 0 and ex > 1 + x, ∀x > 0, we have
pie
σ + 1− pi < epieσ−pi . (37)
Plugging (37) into (36), it follows
E
[
eσ(X−µX )
]
<e−σµX
η∏
i=1
epie
σ−pi = e−σµX e
η∑
i=1
pie
σ−pi
=e−σµX−µX+µXe
σ
. (38)
With (35) and (38), P (X − µX ≥ r) can be further bounded
as
P (X − µX ≥ r) < e−σr−σµX−µX+µXeσ . (39)
Since the righthand side of (39) is minimized when σ =
ln
(
1 + rµX
)
, we have
P (X − µX ≥ r) < er−(r+µX ) ln
(
1+ r
µX
)
. (40)
Taking r = δµX in (40), (33) directly follows.
With Lemma 1, following the arguments for (12) in [34],
we have the achievable throughput from SUs to neighboring
BSs/CR routers (i.e., the first step) as
ξ1 = Ω(n
b−1), (41)
where g (n) = Ω (h (n)) means lim inf
n→∞
∣∣∣ g(n)h(n)
∣∣∣ > 0.
For the data delivery from CR routers to targeted BSs (i.e.,
data delivery in step 2), we employ the routing strategy shown
in Fig. 16 where si represents subsquare where the source
resides in and sj is the subsquare where the targeted BS
resides in. As shown in Fig. 16, packets from the source are
first relayed along those subsquares which have the same x-
coordinate as si until they arrive at a subsquare which has the
same y-coordinate as sj . Then, the packets are relayed along
the subsquares which have the same y-coordinates until they
arrive at sj . Following above assumptions, for each subsquare
containing a BS, the flow initiated from this subsquare will not
be routed to other subsquares. With Lemma 5 in [34], the total
number of flows which will be targeted to another subsquare
is at most ς = min
{
n, 2n
(
1− nd−b)}. When d = b, i.e., all
the nodes deployed by the SSP are BSs, there will be no flows
targeted to another subsquare, and the achievable throughput
of SUs are determined by that in the first step, Ω(nb−1). When
d < b, there will be at most ς flows targeted to another square.
In this case, the achievable throughput in the second step will
be limited by what each subsquare can offer. As proved in
[34], each subsquare can transmit at a rate of c3W , were
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Fig. 16. The adopted routing protocol for data delivery between CR
routers and BSs.
c3 is a deterministic positive constant. Then, the achievable
throughput is limited by the number of flows to be handled
by each subsquare. Denote the number of flows handled by the
ith subsquare as ϕ, the number of source nodes located in the
subsquares with the same x-coordinated as the ith subsquare
as Cx, and the number of BSs located in the subsquares with
the same y-coordinated as the ith subsquare as Cy . Denote
the maximum number of flows that a BS can handle as ς. We
have
ϕ ≤ Cx + ςCy. (42)
For ς , we have the following Lemma.
Lemma 2 With high probability, each BS will serve as the
destination for at most 2ς
/
nd flows, i.e., ς= 2ς
/
nd.
Proof: Let ςi be the number of flows which have the ith
BS as their destinations. The mean of ςi is E [ς¯i] = ς
/
nd.
Then, according to Lemma 1, we have
P
(
ς¯i ≥ 2ς
/
nd
)
< e−ς/n
df(1). (43)
Since f(1) > 0, ς
/
nd = min
{
n1−d, 2n1−d
(
1− nd−b)},
and 1 − d > 0, P (ς¯i ≥ 2ς/nd) → 0 when n → ∞. By
definition, ς = max
i
{ς¯i}. Then, it follows
P
(
ς¯ ≤ 2ς/nd) =1− P(max
i
{ς¯i} > 2ς
/
nd
)
(44)
≥1−
nd∑
i=1
P
(
ς¯i ≥ 2ς
/
nd
)
> 1− nde−ς/ndf(1).
Clearly, nde−ς/n
df(1) → 0 when n → ∞. Thus,
P
(
ς¯ ≤ 2ς/nd) → 1 as n → ∞, which completes the proof.
As for Cx and Cy , we have the following Lemma.
Lemma 3 With high probability, for each subsquare, we have
1) When 0 < b2 < d < 1, Cx =
min
{
2n
3
2−b − 2n1+d−3b2 , 2n1− b2
}
. When 0 < d ≤
b
2 < 1, Cx = min
{
2n
3
2−b − 2c2n1−b, 2n1− b2
}
.
2) When 0 < b2 < d < 1, Cy = n
d− b2 . When 0 < d ≤ b2 <
1, Cy = c1.
Proof: When 0 < b2 < d < 1, there are n
d− b2
subsquares sharing the same x-coordinate and contain a BS.
With Lemma 5 in [34], the number of flows which are located
in the subsquares with the same x-coordinate and target to
BSs in other subsquares is at most 2n1−b
(
n
1
2 − nd− b2
)
.
Following the same procedure as shown in Lemma 2, we
can prove that the number of flows which are located in the
subsquares with the same x-coordinate is at most 2n1−
b
2 .
Thus, it follows Cx = min
{
2n
3
2−b − 2n1+d− 3b2 , 2n1− b2
}
.
Similarly, we can prove when 0 < d ≤ b2 < 1, Cx =
min
{
2n
3
2−b − 2c2n1−b, 2n1− b2
}
.
Noticing that, when 0 < b2 < d < 1, there are n
d− b2
subsquares sharing the same y-coordinate and contain a BS,
it follows Cy = n
d− b2 . Similarly, when 0 < d ≤ b2 < 1, we
have Cy = c1.
From Lemma 2 and Lemma 3, we can obtain
ϕ ≤


{
min
{
2n
3
2−b − 2n1+d− 3b2 , 2n1− b2
}
+ 2ςndn
d− b2
}
0 < b2 < d < 1{
min
{
2n
3
2−b − 2c2n1−b, 2n1− b2
}
+c1
2ς
nd
}
0 < d ≤ b2 < 1
(45)
Thus, the achievable throughput for each flow in step 2 is
ξ2 =
c3W
ϕ
=
{
Ω
(
Wn
b
2−1
)
0 < b2 < d < 1
Ω
(
Wnd−1
)
0 < d ≤ b2 < 1
(46)
With (41) and (46), the achievable throughput of individual
SUs can be derived as shown in (28).
